The magnetic characteristics of Fe and Fe-Ti magnetic mineral bearing rocks of young, through recent, quaternary, mesozoic to palaeozoic age have been studied. I have discovered a strange antiferromagnetic phase (AFMP) in Fe and Fe-Ti magnetic minerals of about 288 samples from 78 localities of volcanic rocks and of about 346 samples of the sedimentary rocks. The AFM phase has played a very important role in magnetism and paleomagnetism of rocks. I have considered that an evolution of the AFM phase started probably after solidification of magnetic minerals during post magmatic process and it has gradually followed during survival of minerals on the Earth's surface. The AFMP can be found in different evolutional stages, from a begining stage to completely developed stage. The indicated AFMP has the Néel temperature (TN ), in the range from 350
Introduction
I refer to my previous works (Orlický, 2004 (Orlický, , 2008 (Orlický, , 2009 (Orlický, , 2010 (Orlický, , 2011 , where I tried to account for the different magnetic characteristics of unoxidized (stoichiometric) and those of low-temperature oxidized titanomagnetites. I gathered the data by studying the rocks of different petrography from very young, recent, quaternary, terciary, mesozoic, and palaeozoic rocks. No complete solution of the problem has been finished so far. The most frequent magnetic minerals in the rocks are the Fe-Ti solid solutions, the titanomagnetites (Ti-Mt-es, Fe 3−x Ti x O 4 ) and the titanohematites (Ti-hemes, Fe 2−x Ti x O 3 ), which are commonly termed as the ilmenite-hematites (Ilm-Hem-es). They have been largely studied by many authors as the carriers of magnetic and paleomagnetic properties of rocks. Many specialists have considered these minerals very stable, which have survived in the field in unchanged state from their origin up to the present. I studied the magnetic minerals of large collections of rocks in the past. My long term experience has shown that only few percentage of magnetic minerals have probably survived in original state. I have revealed that the magnetic minerals have undergone a dramatic transformations not only in a chemical composition, but mainly in their microstructural state. The magnetic susceptibility (κ) and natural remanent magnetization (NRM) have corresponded then to a transformed state. An arise of a strange phenomenon has accompanied this transformation process in the field (Orlický, 2011) . I have indicated it as the antiferromagnetic phase (AFMP). According to Harrison and Putnis (1999) the most important internal processes with respect to NRM acquisition are magnetic ordering, cation ordering, and subsolvus exsolution. The most important mechanism is the interaction between magnetism and microstructure of magnetic mineral for increasing the stability of NRM of rock. Microstructure describes the size, shape, orientational relationship and spatial distribution of the phases and defects which form an individual mineral. I have deduced that one can find the rocks in the basically two different aggregations: 1) the rocks containing so called the pseudo original phase state magnetic minerals, where the AFMP phase is absent, and 2) the rocks containing the transformed phase state magnetic minerals, where the AFMP phase is present. The AFMP phase has appeared as a consequence of the transformed processes. Why the pseudo-original phase state, and why the transformed phase state of magnetic minerals? We do not know the true evolutional history of Fe-Ti oxides. Their basic Fe and Ti ions survived originally inside the Earth's Mantle under the totally different conditions (pressure and temperature), than after a crystallization as the Fe-Ti solid solutions at the Earth's surface. The internal processes -the cation ordering, magnetic ordering, subsolvus exsolution and external low-temperature oxidation of Fe-Ti oxides have involved more factors which have influenced the state of a final mineral product. We will see below, that e.g. the tholeite basalt from contemporary Kilauea volcano has contained the three Ti-Mt phases. One Ti-rich phase with T C ≈ 125 • C, the second one with T C ≈ 420 • C, and the third one with T C ≈ 560 • C. The two latter phases originated due to oxidation during cooling of basaltic magma at the Earth's surface. When there is a lack of oxygen in hot magma during cooling, only phase of original state with Ti-rich Ti-Mt should occur. We see the differences also in contemporary volcanic rocks from the Etna volcano. While the basaltic scoria from the 1982 eruption contains dominantly Ti-rich Ti-Mt phase with T C = 250 • C and more oxidized TiMt phase with T C = 500 • C − 550 • C, the basalts from the 1983 eruption contain dominantly the Ti-Mt phase with T C = 565 • C, corresponding to non-stoichiometric magnetite. All these phases correspond to the primary magnetic minerals. Because the whole assemblage of non oxidized and oxidized Ti-Mt-es, and more phases are there in firstly cooled rocks, it is more convenient to denote them as the pseudo-original phase state magnetic minerals. The transformed phase state, containing also the AFMP phase, originated due to the transformation of previous magnetic minerals.
The results have shown that most of magnetic minerals of rocks have been partially or intensely transformed in the field. In volcanic, sedimentary and metamorphic rocks, the magnetic minerals have undergone the transformation. The original Fe and Fe-Ti minerals in the rocks have been transformed from their pseudo-original phase state to transformed-phase state with the presence of the AFMP. This AFMP has imparted to magnetic minerals completely different magnetic properties in the rocks, including the self-reversed orientation of remanent magnetization (RM), dominantly of chemical origin (CRM) . The AFMP is characterized by marked increase of κ with a peak at about 450 • C, corresponding to the Néel temperature (T N ). The rocks with the minerals of the pseudo-original phase state have not shown a presence of the AFMP. The presence of the AFMP may be detected by magnetic methods. I will present the examples of magnetic behaviour and magnetic characteristics of the pseudo-original phase state and the transformed phase state containing magnetic minerals of volcanic and sedimentary rocks in experimental chapter of this article to distinguish their magnetic properties and their magnetic behaviour.
Experimental results

A short review of methods applied
The magnetic minerals of rocks were studied using the basic method for detection of a change of magnetic susceptibility (κ) with temperatureCurie temperature measurements of samples. The first prototype of the apparatus, combined with KLY-2 susceptibilitymeter for high temperature and low temperature measurements was used (Orlický, 1990) . Some samples were measured by F. Hrouda and M. Chadima, Agico, Brno, using the CS-4 instrument in high temperature interval. The thermal demagnetization and the thermal magnetization of rocks with parallel measurements of a change of magnetic susceptibility with temperature were used as the basic and the most frequently applied methods. Except for compact natural rocks there were measured also artificially prepared samples, either from volcanic ash, or from the grinded rocks which were fixed in non-magnetic gypsum of a cyllindrical form (a preparation of sample must be realized in zero magnetic field, not to acquire a DRM). The detailed procedures of magnetic methods were described by Orlický (2009) . The results of magnetic measurements were complemented by the X-ray diffraction analysis, realized by B. Dobročka, Electrotechnical Institute of SAS, Bratislava. The measurements of the differential scanning calorimetry (DSC) were realized by E. Illeková, Institute of Physics SAS, Bratislava. The study of histeresis properties and the magnetic domain structure of magnetic minerals of rocks were realized by M. Funaki, National Institute for Polar Research, Tokyo, Japan (see Orlický and Funaki, 2008) .
I. Volcanic rocks
The basaltic rocks with magnetic minerals of the pseudo original phase state
The tholeite basalt of the 1971 eruption ( Fig. 1) (Orlický, 2009a) . A toleite basalt contains the Ti-rich Ti-Mt with T C = 125 • C, and more oxidized TiMt phases with T C = 420 • C and 560 • C respectively. Only fluent increase of PTRM up to 650 • C was detected during magnetization of these rocks. No AFMP was revealed during this process. Similar behaviour have been shown also the basalts of the Etna Volcano, 1982 Volcano, , 1983 Volcano, , 1984 and basaltic ash of 2010 eruptions. The basalts from the 1983 eruption (37.73 • N, 15.00 • E) contain predominantly the Ti-Mt phase with T C = 565 • C, corresponding to non-stoichiometric magnetite. Basaltic scoria from the 1982 eruption (Zafferani locality) contains predominantly the Ti-rich Ti-Mt phase with T C = 250 • C and more oxidized Ti-Mt phase with T C = 500 • C -550 • C. Six additional samples were studied. Two of them were prepared from the basaltic ash erupted in 2010. The results have shown that the FeTi magnetic minerals are of the pseudo-original phase state, without the AFMP phase. A fluent acquirement of PTRM dependent on the magnetic phases was detected in these samples during magnetization in the laboratory (Fig. 1) .
The nepheline basanite of Putikov vŕšok locality:
The sample of nepheline basanite of Putikov vŕšok locality comes from the individual place of among 22 locations of large volcanic lava flow, defined by coordinates 48.410 • N, 18.650 • E (Fig. 3) . This nepheline basanite body is the youngest one among volcanics of the Western Carpathian Mts. The age of the volcano is 0.22 -0.13 m.y., according toŠimon and Halouzka (1996), or 0.53 ± 0.16 m.y. according to Konečný et al. (1995) . The samples from only few locations of collected 22 positions have shown a fluent acquirement of RM during thermal laboratory magnetization dependently on the magnetic phases (Fig. 2) . The samples from most locations (12) have shown the signs of the consequence of the cation ordering, manetic ordering and subsolvus exsolution process. Some magnetic minerals are in (transformed- • N, λL = 195.290 • W; The descriptions and explanations: a -stereographic projection; • -normal polarity, • -reversed polarity of RM; b -Zijderveld projection of RM vector onto a horizontal plain (y) and a vertical plain (z); c -black curve -PTRMT -PTRM at temperature T, PTRMMax -maximum PTRM; blue curve -a change of κ of sample; κT -κ at temperature T, κMax -maximum value of κ; TN -Néel temperature; mA/m -milli Ampere over meter; ϕL, λL -geographical coordinates of locality in
• .
phase state). The results for one sample are shown in Fig. 9 . polarity of RM in the Cerová vrchovina Highland in Southern Slovakia. The magnetic mineral of this basalt is non-stoichiometric magnetite of the Curie temperature T C = 580 • C and Verwey temperature T V = −155 • C. It has shown quite well developed magnetic domain structure (Fig. 5.) , relatively high coercive force H C = 333.7 Oe and remanent coercive force H RC = 605.8 Oe. The following minerals were detected in this sample by Fig. 3. Locality Putikov vŕšok Hill, B2 (48.410 • N, 18.650
• E): a cinder cone with lava flows; The 22 collected samples coming from the quarry of the nepheline basanite lava flow (explanation 6, 12); the age of the volcano: 0.22 -0.13 m.y., or 0.53 ± 0.16 m.y.; Explanations: 1 -fluvial sediments; 2 -polygenetic colluvial sediments; 3 -fluvial sandy gravels and sands; 4 -fluviolacustrine loams with gravels; 5 -aeolian loess fossil soils; 6 -nepheline basanite lava flows; 7 -pyroclastic rocks of a cinder cone; 8 -fluvial sandy gravels (Late Riss); 9 -underlying volcanic rocks -undifferentiated (Badenian); 10 -margins of individual lava flows; 11 -supposed crater rim; 12 -quarry; (Konečný et al., 1999 Fig. 4 a gradual increase of PTRM with temperature, attaining a high Q = 157 at 700 • C, corresponding to thermoremanent magnetization. The runs of κ and PTRM with temperature correspond to the pseudo original phase state magnetic mineral which has not been attacked by subsolvus exsolution during its survival in the field. The andesite basalt of the Malužiná area: The andesite basalt belongs into the series of the Palaeozoic melaphyres which were previously studied by Orlický (2003) . The coordinates of the locality are 48.983 • N, 19.783 • E. The age of basalt is 270 m.y. The magnetic minerals of this andesite basalt are of the pseudo original phase state. Most of melaphyres contain a large associations of magnetic minerals with high-temperature oxidized Ilm-Hemtes. These types of minerals have carried mostly extremely stable reversed RM of low κ, but of very high NRM. I considered these minerals as an apriory secondary. I chosen the samples of high κ of normal polarity of RM (in Orlický, 2003) , when I have predicted only low intense alterations in the rocks. According to the previous analyses and lately analysed samples, there are the Ti-Mt-es dominantly present, with some small portion of non-stoichiometric magnetite, low portion of hematite and ilmenite. These minerals were detected by the Curie temperature measurements, by the electron microprobe analyses and by the Mössbauer spectroscopy. We see from Fig. 6 , that κ and PTRM behaviour with temperature corresponds to the pseudo original phase state magnetic mineral which has not been attacked by the transformation process during its survival in the field. The PTRM of the sample gradually increases with temperature during magnetization process. The andesite basalts from other two localities in this area have shown a similar magnetic behaviour. The AFMP was revealed in several sedimentary rocks of the Palaeozoic age.
The rocks with magnetic minerals of the transformed phase state
The recent basaltic andesite from the Telica Volcano, Nicaragua: two samples were studied. One comes from boulder and the second one from the lava flow (12.603 • N, 86.845 • W). The results of one sample are in Fig. 7 . Two ferrimagnetic phases with T C = 250 • C and T C2 = 520 • C and one AFMP with T N = 350 • C contains the sample from the boulder body. In the sample from lava flow there are two ferrimagnetic phases with T C = 390 • C and T C1 = 570 • C, all corresponding to Ti-Mt solid solutions, but the last one supposed to be more oxidized. The AFMP is there as well of T N = 375 • C in the sample from lava flow. The basaltic lava flow is older (eruption in 1520 year) than that of the larger boulder body, which erupted 1999 -2000. We see from results that there are the differences in basic volume κ and NRM of samples. These values are of higher level in boulder body than in lava flow samples. There are differences also in T N values. The AFMP has evolved in such a young basaltic andesites, so the transformed phase state magnetic minerals prevail in these Ti-Mt solid solutions.
The olivine basalt samples of localityŠomoška: The samples are of the age 4.06 m.y. (Fig. 10) . The artificially prepared sampleŠomoška1a1-5G comes from the top of the neck body, with the minerals of (pseudo original phase state), and the sample somoska3 with the minerals of (transformed phase state) comes from the lava dyke. Neck body: Eight samples were studied. The volume κ reached relatively high values in the range of 48000 to 62123 × 10 −6 SI units. The magnetic phases with Curie temperatures of T C = 120 • C, T C1 = 230 • C and T C2 = 560 • C, corresponding respectively to Ti-rich Ti-Mt, low-temperature oxidized Ti-Mt and more oxidized Ti-Mt in the neck body were detected. The results of X-ray diffraction analysis of magnetic fraction of sampleŠomoš1/3 are: Ti-Mt of a com- • N, 19.842
• E. The figure and the geological explanatios are according to Konečný et al., (1999) . The lava neck of alkaline basalt with small lava dyke; the age: 4.06 m.y.; the investigated samples come from 5 places on open western flank and from the top near of the castle (see 1 and a), and from 4 places of small lava dyke (see 5). Explanations: a -beds composed of sand material derived from underlying sediments; 1 -lava neck, 2 -tuff breccia, 3 --scoria cone, 5 -lava dyke, 7 -Early Miocene sediments.
Somoska1-5d have shown a well evolved domain structure, studied by the Bitter Pattern technique. These results have outlined a presence of spontaneous magnetization in these Fe-Ti oxides. Most samples collected from the lava neck body have shown a fluent increase and then a decrease of κ during thermal demagnetization or magnetization of rock samples. But in some of them also the AFMP behaviour appeared ( tetragonal. About 26 Fe-Ti grains, size 1 to 26μ m in diameter of sample Somoska3A1-6 have shown a quite good evolved domain structure, studied by the Bitter Pattern technique (Fig. 15) . These results have outlined a presence of spontaneous magnetization in these Fe-Ti oxides. The 9 samples of lava dyke body (including the artificially prepared sample, Fig. 12 ) have shown a presence of the AFMP phase with T N ≈ 400 • C to 485 • C. The similar behaviour of these minerals was detected by the Curie temper- ature measurements of sampleŠomoška3a (Fig. 14) . The effect of AFMP behaviour was identified also by the differential scaning calorimetry and specific heat (C p ) measurements of the sample, with a maximum of C p (the heat released during phase decomposition) at about 490 • C (Fig. 14) . Generally, the rocks containing the AFMP phase have shown relatively low coercive force (HC of 50 Oe) and remanent coercive force (HRC of 150 Oe), comparing it with that of magnetite containing basalts without AFMP behaviour (HC of 334 Oe) and (HRC of 606 Oe). Olivine basalts from the Fig. 14. a) The change of magnetic susceptibility of sample during continual heating and cooling (Curie temperature measurements) and during stepwise heating (dashed line with crosses); κT , κTmax -magnetic susceptibility at the respective temperature (κT ) and at T with maximal magnetic susceptibility κTmax; TC , TC1, TC2 -Curie temperatures of ferrimagnetic phases; TN -Néel temperature of antiferromagnetic phase. b) The differential scaning calorimetry (DSC) and continual measurements of the change of the specific heat (Cp) measurements of sample of olivine basalt fromŠomoška 3A locality with temperature; Tcr -critical temperature.
neck body and the lava dyke body are probably of the same age, but their microstructural evolution has been rather different. (Orlický, 1986; Fig. 15 . Olivine basaltŠomoška3a-1-6; a) (in picture) -light microscopy of Fe-Ti grains of the sample; b) (in picture) -light microscopy of domain structure of Fe-Ti grains of the sample. Picture on bottom: the magneto force microscopy (MFM) image of domain structure of Fe-Ti grains of the sample of theŠomoška locality. Orlický et al., 1988) . As has been shown in Fig. 16 , the sample k-4d has AFMP (not in complete stage) of T N = 450 • C, except for phases with T C = 490 • C, 520 • C. The AFMP was detected also in the sample k-8-4, but its volume portion with respect to whole of Ti-Mt one is very small. In low temperature interval also small portion with more Ti in Ti-Mt was detected. sample k9-2; Table 3 ). As was outlined in the introduction, olivine basalts of Microthebe and Porphyrion localities (1.5 m.y.) have shown a presence of AFMP, but in the olivine basanite of the locality Achilleion (3.0 m.y) there has not been evolved the AFMP. The results of mineralogical study of samples by light microscopy, electron microscopy and Mössbauer spectroscopy are in Orlický et al. (1988) . This phase is magnetically involved in the Fe-Ti ferrimagnetic phases and so the AFMP has a very strong effect on the whole magnetic behaviour of the rock. Moreover, we see from stereographic projection (Fig. 17) , a) a dif- (Table Rain2) , that there is a conspicuous increase of κ (from 26575 to 31875 × 10 −6 SI units) in this interval. Similar magnetic behaviour has been shown also by samples of dacite from Crater Lake Mazama Mount and rhyodacite and dacite from the St. Helens Volcano, both of very young age (Table 4) sample from the Fuente Ventura Volcano and two basaltic samples from obscured place, all from the Canary Islands. The Ti-rich Ti-Mt wit T C = 190 • C, Ti-Mt with T C = 520 • C and more oxidized phase with T C = 600 • C are present in one sample of basaltic scoria. Only fluent increase of RM up to 650 • C was detected in the 5 rocks during magnetization. No AFMP was detected during this process. But in two basaltic rocks the AFMP with 
The incidentally found volcanic rocks in the Canary
Some volcanics and sediments from the volcanic fields ofŠtiav-nické vrchy Mts., and from foreign localities
There were identified the transformed phase state magnetic minerals of glassy pyroxene andesites with the AFMP phase in the 7 localities of the Bal'an formation, in andesites, including the tufs and tufites around the Brhlovce locality, in several localities of the Drastvica formation fromŠtiav-nické vrchy Mts., Orlický (2003b) , also in several Miocene basalts from the Bohemian Massif (Orlický, 2002) , in the Cretaceous and Jurassic basalts from the Syrian Arab Republic and from Nigeria and Sudan Republic (Orlický, 2003a,b).
II. Sedimentary rocks
According to the theory, the depositional remanent magnetization (DRM) arises, when magnetized grains are aligned with the earth's magnetic field during sedimentation (Stacey and Banerjee, 1974) . Thus grains with magnetic minerals which originated in an igneous rock, in which they acquired a RM, may impart to a sediment in which they are deposited a DRM which has high magnetic stability, but it is less intense. The magnetic minerals have included very frequently the AFMP in sedimentary rocks. Their magnetic behaviour is more complex, compared with volcanic rocks. The AFMP has markedly influenced the original DRM, mainly in the temperature interval from 25 to T N , during either thermal demagnetization or magnetization of rocks. I tested hundreds of samples of sediments: sandstones, clays, claystones, tufs and tufites, conglomerates, hyaloclastites and limestones. I have shown an example of magnetic behaviour of the sandstones in Fig. 19 . 
The sandstone of the Drastvica Formation, Locality Sudince
The Badenian age samples are from the locality defined by coordinates (48.211 • N, 18.892 • E). An example of the pseudo-original phase state magnetic minerals is shown in Fig. 18 . The sandstone sample contains Ti-Mt, non-stoichiometric magnetite with small portion of hematite, according to the Curie temperatures T C = 425, T C1 = 560 abd T C2 = 610 • C (Orlický, 2003a) .
The sandstone of the Locality Sološnica
The sandstone samples from the locality, coordinates 48.4654 • N, 17.231 • E have non-stoichiometric magnetite with small portion of hematite, according to the Curie temperature measurements. The X-ray diffraction (XRD) analysis showed the Bragg peaks corresponding to magnetite, Fe 3 O 4 , Fc-cubic, a = 8.49100Å, Fd-3m, and peaks corresponding to wustite FeO 0.9020 , Fccubic, a = 12.9000Å. XRD was done also for a parallel sample after heating up to 650 • C (after the AFMP disappeared). There were detected a bit different Bragg peaks in both Mt and Wustite, but no other types of magnetic minerals were detected after heating the sample.
Discussion and conclusions
The presented results have been based on my whole professional experience in a study of the magnetic properties of rocks and their magnetic minerals, from about 1964 up to now. A form of evaluation of results, mainly a selection of target figure of work, has been focused for summarization of magnetic properties of rocks with the characteristic magnetic behaviour, regardless their age and petrography. I think that the interpretation of the results has enriched our realistic point of view on a source of very diverse magnetic and paleomagnetic properties, including the source of the reversed polarity of RM of rocks containing the cubic inverse spinel magnetic minerals. The theoretical background of the above described results and a final interpretation of the processes mentioned above will be presented in another article in the near future. There is missing also a topic concerning the rhombohedral magnetic mineral bearing rocks in this paper, which will be published in a separate article as well.
The results have allowed to distinguish the rocks into the two distinct aggregations: I) the rocks containing so called the pseudo original phase state magnetic minerals, where the AFMP phase is absent, and II) the rocks con-taining the transformed phase state magnetic minerals, where the AFMP phase is present.
I. The first group represents the rocks which contain the magnetic minerals that have not been transformed by the internal processes (cationordering, subsolvus exsolution and magnetic ordering) during their survival on the earth's surface. I have presented above only four examples of pseudo-original phase state behaviour of magnetic minerals in volcanic rocks, and only one example of sedimentary rock, but there are rocks of hundreds of localities with such magnetic behaviour in my database. But a relative portion of rocks with the pseudo-original phase state behaviour of magnetic minerals is lower, compared with those which were attacked by the internal processes and the external low-temperature oxidation. Their characteristic feature is that they have the higher values of κ than those transformed by the internal processes, compared to the rocks of the same petrography. Moreover, they carry only normal polarity of RM, regardless of the age of the rock. The properties of this first group have not been particularly considered in this article. The results of laboratory experiments have shown that the rocks without any AFMP phase were fluently magnetized and that volcanic rocks have acquired relative high values of TRM at temperatures near the Curie temperature of the respective magnetic mineral of rock. This has been achieved regardles of the age of the rock. Similar fluent magnetization was achieved in the sedimentary sandstone from the Sudince locality.
II. The rocks containing the transformed phase state magnetic minerals have been described in more detailed form in this article. A dominant reason is that they have contained the AFMP, which played a decisive role in a magnetic behaviour of the rocks. Now, I do not know a precise chemico-physical composition and a microstructure of this phase itself, but these rocks behave as follows:
1. Initio nascent state: The antiferromagnetic phase (AFMP) has began during phase transition of the pseudo-original phase state ferrimagnetics, two sub-lattices containing magnetic minerals. In volcanics and sedimentary rocks it has started probably in a parallel way with low-temperature oxidation of ferrimagnetic Fe and Fe-Ti inversion spinels (in the titanomagnetites -Ti-Mt), in a state, when the primary minerals became unstable. An evolution of the AFMP is a consequence of the internal processes of the cation ordering, magnetic ordering, and subsolvus exsolution and low-temperature oxidation of magnetic minerals. The cation ordering produces a complex distribution of cations among tetrahedral and octahedral sites as a function of temperature and composition (in the titanomagnetites the exchange of Fe 2+ and Fe 3+ between the tetrahedral and octahedral sites can occur simply by the transfer of an electron). Exsolution in intermediate compositions yields very fine scale coherent intergrowths of magnetite-rich and magnetite-poor phases. The magnetic ordering in the magnetiterich compositions yields a ferrimagnetic structure below the Curie temperature with magnetic moments on octahedral sites aligned antiparallel to those on tetrahedral sites. An added complication occurs in this system due to the ability of Fe 2+ cations in the solid solution to be oxidized to Fe 3+ . Oxidation at low temperature produces a metastable defect spinel (titanomaghemite -TiMgh) where the excess positive charge due to the formation of Fe 3+ is balanced by cation vacancies occuring predominantly on octahedral sites (Harrison and Putnis, 1999) . The subsolvus exsolution in intermediate compositions leads to the break-down of the homogeneous solid solution into two-phase intergrowth of Fe-rich and Ti-rich phases (Harrison and Putnis, 1999) . The crystal structure of a spinel consits of an approximately cubic closed packed arrangement of the oxygen anions with the cation occupying 1 tetrahedral (A) site and 2 octahedral (B) sites per formula unit.
2. Most of Fe and Fe-Ti inversion spinels of rocks have undergone the transformation process during their survival in the field and the AFMP has evolved, according to my results. I identified the AFMP in 288 volcanic samples from 78 localities and altogether in 346 samples of sedimentary rocks. The AFMP has been proven also in the dacite pumice from the Haruna Volcano, Japan, and in the dacite ash from the 1991 Pinatubo eruption, Phillipines (Orlický, 2011) . The results have shown that the evolution of the AFMP in the magnetic minerals of rocks is an ubiquitous process. A characteristic feature of the AFMP containing rocks is that they are not able to be fluently magnetized in the laboratory. One can assume that a similar situation occured under the magnetization of rocks by geomagnetic field in nature.
3. In the minerals of some rocks the AFMP has not been evolved enough to provide unambiguous magnetic behaviour. Some previous magnetic Fe and Fe-Ti minerals have been partially transformed, but other have preserved their original stage. The AFMP can be found in a different evolution stage, from a starting stage to completely developed stage. The partially transformed Fe-Ti oxides are in the nepheline basanites of the Putikov vŕšok lava flow (Figs. 8, 9 ), in olivine basalts ofŠomoška locality (Fig. 13 , lava neck), olivine basalts of localities Obrnice,Řetoun, Klimberg, Smrečiny, all from Bohemian Massif, from localities Syr8-3, Syr9-2, from the Syrian Arab Republic (Orlický, 2005) , in the historic age volcanic rocks from Greece, in non oriented volcanic rocks from the Canarian Islands and from the west northern part and from southern part of the USA. There were AFMP phases revealed also in the magnetic minerals of basalts of the Sites 794 and 797 from the Japan Sea (Orlický et al., 2014) .
4. An evolution of the AFMP in the field has followed through the range of lower temperatures including the atmospheric temperatures at around of 25 • C.
The characteristic features of the AFM phase
What is the chemical composition and a structural state of the AFM phase?
The AFMP bearing magnetic mineral of rocks have been so far studied as a whole assemblage, without any separation of only that part with the AFMP behaviour itself. The magnetic minerals of the olivine basalt lava dyke of the localityŠomoška (Fig. 9) were studied by the more complex way. All results of magnetic measurements have been presented above. A presence of the AFM phase with T N ≈ 400 • C -485 • C, (mostly around of 450 • C) by magnetic measurements has been proven in these basalts. The effect of AFMP behaviour was identified also by the differential scaning calorimetry and specific heat (C p ) measurements of the sample, with a maximum of C p at about 485 • C (the heat release during phase decomposition). The Curie temperatures of T C = 230 • C, and T C2 = 560 • C correspond respectively to low-temperature oxidized and more oxidized Ti-Mt (T C2 = 560 • C of the body. Both these Fe-Ti ferrimagnetic phases coexist with that of the AFM phase. The results of X-ray diffraction analysis of magnetic fraction of the sampleŠomoš3A1-6 detected the Ti-Mt of a composition (1)) was not determined. A composition presented in literature may be as follows: . 7, 9, 11, 12, 17 . The κ behaviour (blue curve), Curie temperature measurements and X-ray analyses suggested that there are present the ferrimagnetic Fe-Ti oxides except of the antiferromagnetic phase in the samples. The AFM phase does not carry any magnetization and it is not able to be magnetized by the external field. The AFM phase coexists togetger with the ferrimagnetic phases up to the T N temperature of the respective rocks. The AFMP phase disappears beyond the T N temperature during heating of the sample. We see from Figs. 7, 9, 11, 12, 17, that No self-reversed acquirement of the PTRM occured at higher temperatures after the AFMP disappeared, despite the ferrimagnetic phase of T C about 560 • C is present in the samples.
A mechanism of the self-reversed acquirement of RM of rocks
A very complex magnetic behaviour of magnetic minerals of rocks was shown in the examples above. The magnetic susceptibility increases very sharply with a maximum representing the Néel temperature of the AFM phase of rock. In a parallel way an induced PTRM gradually decreased in the same temperature interval. Whole laboratory magnetizing procedure was realized under a presence of normally oriented geomagnetic field. The ferrimagnetic materials are highly susceptible, easily penetrable by magnetic force-lines (photons) of geomagnetic field. The antiferromagnetic phase has a high magnetoresistance and create unpenetrable environment for the force-lines (photons) of geomagnetic field (magnetic field in general). A characteristic feature of the AFMP containing rocks is that they are not able to be fluently magnetized in the laboratory. One can assume that a similar situation has occured under the magnetization of rocks by geomagnetic field in nature. There was not possible to derive a correct composition and a geometry of both the ferrimagnetic Fe-Ti phase and that of antiferromagnetic Fe-Ti phase of magnetic minerals concerned. We can deduce that the AFM phase and the ferrimagnetic phases are supposed to be involved in a cluster, in which the ferrimagnetic phases coexist with that of the AFM phase in a large range of temperatures. I have respected the results of magnetic behaviour of magnetic minerals during laboratory inducing of the PTRM of rocks. The ferrimagnetic Fe-Ti minerals acquired the self-reversed PTRM in the interval of temperatures when the ferrimagnetic phases have coexisted with the antiferromagnetic phase. I can suggest that the AFM phase reflects the magnetic force-lines (photons) in a reversed direction with respect to the normally oriented magnetizing field and so the ferrimagnetic Fe-Ti phase of the sample is able to acquire the self-reversal remanent magnetization. No total reversed thermoremanent magnetization (TRM) of the respective samples was induced under the applied laboratory process. But previously an inducing of the self-reversal PTRM of the artificially prepared samples (the grinded basaltic grains were fixed in non-magnetic gypsum) was realized. In these samples the PTRM was induced only at concrete temperature. During heating and cooling of the sample the magnetic field was fully compensated. During this process the sample Maar3-4kG received the reversed PTRM = −29 mA/m, and the sample Velkop2-4kG received the reversed PTRM = −80 mA/m, both at at 500 • C (in Orlický, 2009).
I described above that an evolution of the AFM phase is a gradual process and it takes place a realtive long time in the field. The magnetization of rocks is also more complex process in the field. All magnetic minerals of rocks, including those in a nascency state (in a nucleation state) are under a permanent influence of geomagnetic field. Each molecule of a growing ferrimagnetic minerals, including those belonging to AFM phase have been involved into the magnetizing process in the field. So, there are very specific conditions in the field, which is not so easy to simulate in the laboratory. So, an origin of the self-reversed RM of rocks my be quite common process in nature.
I studied the domain structure of some rocks Orlický and Funaki, 2008 . The Fe-Ti grains of basaltic sample Somoska3A1-6 have shown a quite good evolved domain structure, studied by the Bitter Pattern technique. It is quite surprise, because in the minerals of antiferromagnetic arrangement no magnetic domains could be present (Stacey and Banerjee, 1974) . Generally, the rocks containing the AFM phase have shown relatively low coercive force and remanent coercive force comparing it with that of dominanly magnetite containing basalts, without AFMP behaviour.
Ozdemir (1987) has proposed that a metastable Ti-Mgh inverts to a multiphase intergrowth when heated above 250 • C -300 • C, that the inversion is an intrinsic property of Ti-Mgh-es, whether heating is in air or in vacuum. The peak of magnetic parameter around of 400 • C -450 • C is due to the first stage inversion product. Its heigh increases with increasing degree of oxidation. On cooling, this product inverts to the final stable product, which should be a spinel phase close to stoichiometric Ti-Mt plus a rhombohedral phase close to ilmenite. After an inversion, an increase in magnetic viscosity and the change of other parameters reflect the subdivision of originally single domain (SD) homogeneous Ti-Mgh grains into superparamagnetic (SP), or nearly SP-size subgrains. The spinel phase in the intergrowth was nearstoichiometric Ti-Mt or magnetite. The rhombohedral (inversion) phase included ilmenite, hematite, anatase, and pseudobrookite. The composition of the final inversion product depends on the compositional parameter x and a degree of oxidation z.
In the rocks with non-completely evolved AFMP, an increase of the PTRM is either hampered around T N , or it is similar in behaviour to that on Fig. 9 ., where the PTRM extremely decreases in the interval from 250 • C (300 • C) to about 450 • C (500 • C) during magnetization of the sample. In such rocks several parts of a respective body (volcanic or sedimentary) have shown the reversed RM (partly reversed RM), other parts of the body have shown normal polarity of RM. For this reason no unique level of the PTRM acquirement has been achieved in the temperature interval beyond the T N temperature. After a transformation of previous magnetic minerals and evolution of the AFMP, when it has been completed, the only reversed RM has been induced in the rocks. From this idea it follows that some rocks of normal polarity of RM today will acquire the reversed RM in normally oriented geomagnetic field in future, in a time when the AFMP in the minerals will be completely evolved.
In many articles of other authors some relations between a type of magnetic mineral and that of anomalous magnetic behaviour of of the rock were identified. The authors interpreted it mostly by a presence of Fe-sulphides and their alterations in favour of magnetite due to temperature treatment behind the temperature 300 • C, 350 • C to 600 • C. I present some examples in a more detailed fashion. Lagrou et al. (2004) and their explanation: sulphides were considered as the main magnetic remanence carriers in the rocks, despite they have not been identified by the classical technique. The authors deduced that the failure to detect them may be due to the low concentration of these minerals, the small grain size, and the close physical relation with pyrite. Experiments have shown that above 370 • C the orientation of the magnetic remanence becomes erratic and that additional heating does not provide additional polarity information. During thermal demagnetization, an increase in the remanence signal is observed at about 270 • C, suggesting thermally induced mineral transformations. Indications of these transformations are also found in the thermomagnetic curves, as described in the next section. Measured at room temperature, it remains constant up to 320 • C after each heating step followed by a marked increase starting at approximately 360 • C and up to 500 • C -550 • C, and finally a strong decrease between 550 • C and 680 • C. An increase in susceptibility between 360 • C and 500 • C was explained in terms of the thermally induced growth of magnetite through oxidation of pyrite. The strong decrease of susceptibility above 550 • C can be attributed to further oxidation of magnetite into hematite.
Except basaltic rocks, Vigliotti (1992) studied also the finer grained silty claystones from the Site 797 from the Yamato Basin. The author proposed that the two vectors of primary and secondary components were exactly opposite each other, so during thermal cleaning the intensity of the remanence increased, reaching in one sample at 200 • C a value of 376 % with respect to the NRM intensity. From the stereographic projections of these sedimentary rocks it is evident that the polarity reversed in the range of 220 • C to 400 • C (in one sample) and from 100 to 480 • C (the second sample, see at page 919, Vigliotti, 1992) . The magnetic minerals of these sediments from the Site 797 were studied by Torri et al., 1992: The sediments are of early Miocene or older in age. According to authors a thermal demagnetization often showed a confusing pattern in the vector-demagnetization diagrams at temperatures higher than 300 • C. This pattern corresponds to an increase in initial susceptibility measured right after the thermal treatment of samples. Samples reached a maximum κ mostly at 450 • C. The ratio of κ 450 /κ 25 was used as a characteristic parameter. Samples of high κ 450 /κ 25 ratio tend to display an irregular pattern in the voctor-demagnetization diagrams. The hump at about 450 • C in curves of thermal change of κ can be explained by the production of new magnetic minerals during heating. The mixture of pyrrhotite and titanomagnetite is dominant. Magnetite is more dominant in the samples of lower part of the hole. The strong-field magnetization of the bulk sample decays rather monotonically (showing paramagnetic curve) up to 350 • C. Then is a sudden increase between 350 • C to 500 • C, which decrease to 0 • C by about 600 • C. Uppon cooling the curve is irreversible. The polarity of RM of sedimentary rocks of the Hole 797 was measured by Vigliotti (1992) and by Tamaki et al. (1990) . Some of these sedimentary rocks are of normal, others of the reversed polarity. Commonly the rocks do not create a regular polarity intervals with respect to a depth's level. A similar explanations of the above-mentioned anomalous magnetic behaviour is desrcribed also by the authors Lesič et al. (2007) ; Márton et al. (2004) ; Márton et al. (2006) ; Scholger and Stingl (2004) ; Torii (1995) . The described magnetic behaviour fully corresponds to that of behaviour of the antiferromagnetic phase in the magnetic minerals of the rocks, according to my idea, presented above.
An explanation which is based on the transformation of Fe-sulphides in favour of Fe-oxides (namely magnetite) requires a short comment. I studied the natural Fe-sulphides (pyrrhotites, pyrrhotite + sphalerite + chalcopyrite, marcasite, pyrite + sphalerite) by the Curie temperature measurements, completed by the Mössbauer spectroscopy results (Orlický, 1988) . Yes, part of Fe-sulphide transforms into the magnetite if there is enough of oxygen in environment. In any case the magnetic susceptibility is mostly of higher level after heating and successive cooling of the sample on air, than the level of κ before heating of the sample. But an increase of κ does not take at 450 • C as a maximum, but closely to Curie temperature of magnetite and its level is preserved also after cooling of the sample. The resultant mineral has more complex composition after heating to 700 • C and its cooling to room temperature. E.g. the samples of pyrhotites were in partly disordered state and they were enriched by magnetite before their heating. After their heating (5 • C/min) and cooling to room temperature, more ordered and clear pyrrhotite with T C = 320 • C was created. It is usuall to find the quenched sulphides in nature. When annealed at temperatures of the order of 300 • C, two processes occur simultaneously. First, the disordered vacancies in the intermediate Fe 1−x 2 x S approach ordered arrangement producing a net ferrimagnetic moment in previously antiferromagnetic materials. Secondly, the different chemical phases are homogenized to produce a single chemical composition with a common vacancy concentration (Stacey and Banerjee, 1974) .
